In this study, the effect of the radiation damage of spent fuel-grade plutonium content was investigated in the structural material of a designed fusion-fission hybrid reactor system. In this study, the molten salt-heavy metal mixtures 99-95% Li20Sn80-1-5% SFG-Pu, 99-95% Li20Sn80-1-5% SFG-PuF4, and 99-95% Li20Sn80-1-5% SFG-PuO2 were used as fluids. The fluids were used in the liquid first-wall, blanket and shield zones of the designed hybrid reactor system. Four centimeter thick 9Cr2WVTa ferritic steel was used as the structural material. Proton, deuterium, tritium, He-3 and He-4 gas production rates are the parameters of radiation damage. In this study, damage to the total structural material and each 1.0 cm thickness thereof was measured as a function of radiation energy, using the selected fluid rates, for 30 full power years (FPYs). Three-dimensional analyses were performed using the most recent MCNPX-2.7.0 Monte Carlo radiation transport code and the ENDF/B-VII.0 nuclear data library.
Introduction
The hybrid reactor system, in which nucleus fusion and fission events can be operated simultaneously, was developed to obtain more energy and nuclear fuel, decrease the waste amounts in storage areas, recover transuranic elements in used fuels through reprocessing, and render fission products harmless. When D-T fuel enters into a fusion reaction in hybrid reactor systems, 14.1 MeV fusion neutrons and 3.5 MeV alpha particles are released. The plasma is surrounded by a wall of fertile material ( 232 Th, 238 U). Thus, the high-energy 14.1 MeV fusion neutrons that are emitted from the plasma react with the fertile materials, resulting in fissile ( 233 U, 239 Pu) materials [1] [2] [3] [4] .
A substantial amount of spent fuel grade (SFG) plutonium (Pu) from current nuclear reactors has been stored for future use. Isotopic distribution of spent fuelgrade plutonium is 2.4%
238 Pu, 58.5% 239 Pu, 24% 240 Pu, 11.2%
241 Pu, and 3.9% 242 Pu [5] . SFG-Pu is valuable for its use as a fissile material, but it is dangerous when misused. With this purpose, radioactive materials with a plutonium additive were used in designed hybrid reactor system in this study to reduce the amount of spent fuel-grade plutonium.
In the designed hybrid reactor system, Li 20 Sn 80 was chosen for the molten salt. Beryllium (Be) is used as a neutron multiplier. The Be(n,2n) reaction has an effective threshold of 2.5 MeV, above which the cross-section value is 0.5 barns [6] . In this study, a Be zone with a * e-mail: mehtap.gunay@inonu.edu.tr thickness of 3 cm was used between the liquid first-wall and the blanket. In this study, 9Cr2WVTa ferritic steel was chosen as a structural material of the reactor system.
The hybrid reactor system based on magnetic fusion energy (MFE) was designed using the ENDF/B-VII.0 nuclear data library and 99-95% Li 20 Sn 80 -1-5% SFG-Pu, 99-95% Li 20 Sn 80 -1-5% SFG-PuF 4 , and 99-95% Li 20 Sn 80 -1-5% SFG-PuO 2 as the fluids. The fluids were used in the liquid first-wall, blanket and shield zones of the hybrid reactor system. The radiation damage, as a function of energy, to the total structural material and each 1.0 cm thickness thereof, was calculated using the most recent version MCNPX-2.7.0 Monte Carlo code for a full power operation period of 30 years (FPYs) in structural material of the designed system.
Method

Geometry description
The radial structure of the hybrid reactor system is shown in Table I . The hybrid reactor system is toroidal. The radius of the torus is 552 cm. The fast-flowing liquid first-wall is 2 cm thick, and the slow-flowing layer (blanket) is 50 cm thick. In this study, a Be zone with a thickness of 3 cm was used between the liquid first-wall and the blanket. A backing solid wall of 4 cm thickness and made of 9Cr2WVTa ferritic steel follows the blanket zone. A shielding zone of 50 cm thickness (outboard) and 49 cm thickness (inboard) is located behind the backing solid wall for the outboard and inboard builds, respectively, and is assumed to have a structure-to-breeder (coolant) volume ratio of 60:40. The vacuum vessel wall is 2 cm thick and made of SS316LN stainless steel. The interior is 16 cm thick (inboard) and 26 cm thick (B-113) B-114 M. Günay (outboard) with the SS316LN stainless steel cooled with water by a structure-to-water ratio of 80:20 [7] . 
99-95% Li20Sn80-1-5% SFG-PuF4, 99-95% Li20Sn80-1-5% SFG-PuO2; e 100% Be.
Numerical calculations
Nuclear reaction cross-sections can be obtained in three different ways: experimental measurement, theoretical calculation and evaluated nuclear data files (ENDFs). For wide ranges of energy, measuring the cross-sections for all of the isotopes in the periodic table is infeasible both physically and economically. Therefore, model calculations play an important role in the evaluation of nuclear data [8, 9] .
The evaluated nuclear data file ENDF/B was first developed in the USA in 1968. New versions were published periodically following large-scale investigations and additional research. ENDF/B-VII includes data from 10 −11 MeV to 20 MeV for all isotopes and up to 150 MeV for certain isotopes [10, 11] .
The Monte Carlo method is generally preferred due to its success with three-dimensional complex geometry configurations of materials and physics problems using deterministic methods. This study was performed with neutron wall loadings of 10 MW/m 2 and fusion power of 4000 MW.
Conclusions
The effects of the spent fuel-grade plutonium on the radiation damage parameters, such as proton, deuterium, tritium, He-3 and He-4 gas production rates, measured in atomic parts per million (appm) in the structural material, were investigated for fifteen different fluids.
The fluids were composed of 99-95% Li 20 Sn 80 with increasing mole fractions of heavy metals 1-5% SFG-Pu, SFG-PuF 4 , and SFG-PuO 2 . Tables II-VI show the total radiation damage parameters (appm/30 FPY), including proton, deuterium, tritium, He-3 and He-4 gas production rates, in the structural material for the fifteen different fluid ratios with increase of mole percentages of SFG-Pu, SFG-PuF 4 , and SFG-PuO 2 . Tables II-VI show that the total radiation damage parameters in the structural material decreases with an increase in the heavy metals contents for the selected fluids. In Tables II, III and Table VI , this decrease in the proton, deuterium and He-4 production rates between the minimum and maximum contents of the heavy metals was approximately 1.0-fold for SFG-Pu, approximately 1.1-fold for SFG-PuF 4 , and approximately 1.4-fold for SFG-PuO 2 . The highest values of radiation damage come from SFG-PuO 2 . The radiation damage criteria for structural material in the designed reactor system depend on the helium production limit. This drastically reduces the lifetime of the reactor. The limit for helium production is suggested as 500 appm [12] . Table VI shows that the helium production limit was reached for the selected heavy metal contents. In Tables IV, V, Figures 1-5 show the radiation damage parameters (appm/30 FPY) according to the neutron energy spectrum (0-20 MeV) in the structural material for the selected fluid ratios. Figures 1-5 show that proton, deuterium, tritium, He-3 and He-4 gas production rates were greatest with 1% SFG-PuO 2 and the lowest with 5% SFG-PuO 2 heavy metal according to the energy in the structural material for other ratios and types of fluids. Fig. 2 . As in Fig. 1 , but for deuterium. Fig. 3 . As in Fig. 1 , but for tritium. Fig. 4 . As in Fig. 1 , but for He-3. Figures 6-10 show the radiation damage parameters (appm/30 FPY) for each 1.0 cm thickness of the structural material for the selected fluid ratios. The radiation damage parameters in the structural material decreased with each 1.0 cm of structural material thickness for the selected fluid ratios. This decrease between the minimum and maximum thicknesses of the structural material was Fig. 9 . As in Fig. 6 , but for He-3. approximately 1.9-fold for proton, deuterium, tritium, He-3 and He-4 gas production. Figures 6-10 show that the proton, deuterium, tritium, He-3 and He-4 gas production rates were the greatest with 1% SFG-PuO 2 and the lowest with 5% SFG-PuO 2 heavy metals.
A minimum of gas production is desired, because gas production reduces reactor life and accelerates deterioration of the structural material. In conclusion, the radiation damage parameters obtained according to the total and radial neutron energy spectra (0-20 MeV) in the structural material with 95% Li 20 Sn 80 -5% SFG-PuO 2 fluid showed the best performance of the fifteen tested fluids.
